Despite the importance of the TA pathway, relatively excitatory drive to the hippocampal CA1 and subicular little is known about the integration and propagation neurons in chronic epilepsy. Discerning the mechaof synaptic signals within EC layer III neurons under nisms underlying signal integration within EC neurons physiological or pathophysiological conditions. Previis essential for understanding network excitability alous work has shown that the somatic membrane properterations involving the hippocampus during epilepsy.
To investigate whether spontaneous activity was ties and excitability of EC layer III pyramidal neurons 24 hr and 1 week (time points early in the latent period) present in EC layer III pyramidal neurons specifically, we obtained somatic whole-cell current clamp recordings following a single episode of seizures.
Our results demonstrate that the excitability of EC from these neurons in hippocampal-entorhinal slices. EC layer III pyramidal neurons were identified visually layer III pyramidal neurons is enhanced 24 hr after seizures both in vivo and in vitro. The enhanced excitability using differential interference optics. The typical morphology of one such neuron is shown in Figure 1B . is principally due to a reduction in dendritic I h as determined by a number of different techniques. This deContinuous sampling in bins of 10 min showed very little spontaneous activity in neurons obtained from SP-only crease in dendritic I h persisted for at least 1 week following the seizures. Our results suggest that I h plasticity in treated rats (n ϭ 3; Figure 1Bii ). In contrast, both short (Ͻ10 s) and long (Ͼ30 s) bursts of interictal-like events the EC may be important for the initial steps leading to the development of chronic epilepsy in these animals, reminiscent of epileptiform activity were observed in neurons obtained from rats induced with SE 24 hr prior and I h may thus be a novel therapeutic target for the prevention of the disorder.
(24 hr SE neurons; n ϭ 5, Figure 1Biii ). The long bursts of interictal-like events occurred rhythmically at least once every 10-15 min. Similar activity was also observed Results in 83% (5 out of 6) neurons obtained from rats induced with SE 1 week prior (1 week SE neurons; data not Behavioral seizure activity was induced in male adult shown). These results are consistent with EEG rerats by the administration of a single dose of kainic acid cordings from EC showing interictal spike activity and and scored according to the Racine scale (Racine, 1972) .
suggest the presence of synchronous network activity Within 2 hr of the kainic acid administration, class V of both short and long duration. seizures were observed. Racine class V seizures correspond to electrographic status epilepticus (SE), or con-
Enhanced Dendritic Excitability of SE Neurons tinuous seizures (data not shown; A.E.A. and X.L., unDespite Hyperpolarized Membrane Potentials published data). One hour after onset of class V seizures
To suppress spontaneous activity, all further recordings (referred to as "SE" hereafter), the anticonvulsant sowere obtained in the presence of 10 M bicuculline, dium pentobarbital (SP) was administered to terminate 50 M d-AP5, and 1 M CGP 55845 to block GABA A the seizures. All experiments were done at two time receptors, NMDA receptors, and GABA B receptors, repoints: 24 hr and 1 week after the termination of seizures.
spectively. Under these conditions, no significant differThese two time points represent the early and middle ences in resting membrane potential (RMP) values, numepics during the latent period. Control groups included bers of action potentials, and input resistance (R N ) were rats treated with either vehicle (saline) only or SP only observed between vehicle-treated and SP-only treated 24 hr or 1 week prior. rats (see Figures 2 and 3 ). In addition, neither action This particular seizure model was utilized because it potential amplitude nor action potential width (see behas been shown that under these conditions there is low) significantly varied between neurons obtained from minimal EC layer III neuronal cell loss (Du et al., 1995;  vehicle-treated rats or SP-treated rats, indicating that Wu and Leung, 2003) . Specifically, these studies demonthe effect of sodium pentobarbital on membrane properstrated that EC layer III cell loss induced by kainic acid ties was minimal 24 hr after administration. Therefore, administration was prevented if the SE was terminated where there were no significant differences between by either SP or valium. We also performed Nissl staining vehicle-only treated rats and SP rats, the term "control" of EC sections from animals treated with kainic acid and in the text will be used to refer to both these groups. SP either 24 hr or 1 week prior and the appropriate Whole-cell current clamp recordings revealed that the controls (animals treated with SP only either 24 hr or 1 somatic and dendritic RMP of SE neurons at both the week previously) and confirmed that there is no obvious 24 hr and 1 week time points were significantly more neuronal cell loss in the EC up to 1 week following SE hyperpolarized than controls (Figure 2 ). Depolarizing induction (Supplemental Figure S1 [http://www.neuron. current injections showed that the neurons from both org/cgi/content/full/44/3/495/DC1/]). SE and control rats were regular spiking (see Figure 2 for examples). Despite the hyperpolarized RMP, significantly greater numbers of action potentials were reEnhanced Spontaneous Activity of the EC In Vivo and In Vitro corded in 24 hr and 1 week SE dendrites compared to controls ( Figures 2B, 2D , and 2F). At the normal somatic No behavioral seizures were noted in any of the study groups at the 24 hr or 1 week time point. To test whether RMP, there were no differences in the numbers of action potentials evoked between the SE neurons and controls there was enhanced excitability of the EC in vivo, we performed electroencephalographic (EEG) recordings.
within the 24 hr group or the 1 week group (Figures 2A,  2C , and 2E). If, however, the neurons were all held at a Depth electrodes were implanted stereotaxically within the EC, and the EEG recordings from this region demonfixed potential of Ϫ70 mV, then significantly more action potentials were evoked by depolarizing current injecstrated interictal spikes but no electrographic seizures tions at the soma of the 24 hr and 1 week SE neurons different groups of neurons (see Supplemental Table S1 [http://www.neuron.org/cgi/content/full/44/3/495/ compared to the 24 hr and 1 week SP neurons, respectively (Supplemental Figure S2 [http://www.neuron.org/ DC1/]). As the action potential initiation site in dendrites is unknown, the threshold for dendritic action potentials cgi/content/full/44/3/495/DC1/]).
Variations in the numbers of evoked action potentials could not be determined. There were also no differences between action potential amplitude or width between can arise from a shift in the threshold for action potential initiation. There were no differences, however, in action control and SE groups (see Supplemental Table S1 ), indicating that K ϩ or Na ϩ channel properties responsible potential threshold measured at the soma between the for action potential shapes were minimally affected by Interestingly, the somatic, but not dendritic, R N of both 1 week SP and 1 week SE neurons was decreased signif-SE induction. In neurons from all groups, action potentials recorded in the dendrites were significantly (p Ͻ icantly (p Ͻ 0.01) compared to the 24 hr SP and SE neurons, respectively. The somatic R N of the 1 week 0.05) shorter and wider than those at the soma, and this might indicate differences in dendritic versus somatic vehicle group was comparable to the 24 hr vehicle group ( Figure 3C ). These data also indicate that the differences Na ϩ or K ϩ channel densities as has been reported for other neuronal subtypes (Magee, 2000). In 23% of 24 hr in R N are likely to account for the observed variations in input-output curves. control neurons (7 of 30 neurons tested) and 40% of 1 week SP neurons (2 out of 5 neurons tested), bursting Hyperpolarizing pulses in the dendrites of control neurons revealed a considerable "sag" and lower R N in comwas induced by dendritic depolarizing current injections. Bursting was rarely observed in either the 24 hr parison to the soma (see Figure 3) . The presence of the sag and the lower input resistance in dendrites is or 1 week SE dendrites (1 out of 31 neurons tested).
Differences in R N of SE neurons compared to controls indicative of an increased amount of the dendritic hyperpolarization-activated cation current (I h ) (Pape, 1996; may also contribute to the increased number of action potentials observed in SE dendrites. Indeed, we obRobinson and Siegelbaum, 2003). These data are consistent with the hypothesis that I h is greater in dendrites served that hyperpolarizing pulses from the respective normal RMP resulted in a smaller "sag" and a larger compared to soma of EC layer III pyramidal neurons as shown previously for CA1 and neocortical layer V deflection in the voltage in SE dendrites compared to controls (Figure 2 (Figures 3A-3D) .
in I h contributes to the enhanced dendritic excitability tentials being evoked at the soma ( Figure 4F) . Thus, the solution were utilized. Hyperpolarizing steps from a membrane potential of Ϫ40 mV revealed noninactivatsignificant increase in the number of action potentials evoked at the dendrites of control neurons at hyperpoing, inward currents and a tail current upon returning to the holding potential ( Figure 5A ). The magnitudes of larized RMP is likely to be due to the greater increase in dendritic versus somatic R N observed (Figures 3 and these currents were very small (tail currents Ͻ 2 pA, n ϭ 4, data not shown) at the soma of control neurons, 4). Application of ZD7288 did not alter the number of action potentials recorded in either 24 hr or 1 week SE and therefore, all recordings were obtained in dendrites at a distance of 100-150 m from the soma. In addition, neuron soma or dendrites ( Figures 4D and 4G ). These data support the hypothesis that the I h density is appreas the dendritic properties of the 1 week SP control and 1 week SE neurons were very similar to the dendritic ciably reduced in SE neurons and that this contributes to the significantly smaller depolarizing current injections properties of the 24 hr control and the 24 hr SE neurons, respectively (Figures 2-4) , cell-attached recordings evoking greater numbers of action potentials in SE dendrites (Figure 2) . Moreover, these data reinforce the sugwere only obtained using the 24 hr groups. At the RMP (determined to be Ϫ62.5 Ϯ 1.5 mV [n ϭ 8] upon rupturing gestion that a larger amount of I h is present in dendrites than soma of control neurons. the patches), both the inward currents were about onetenth the magnitude of the currents at potentials of Ϫ150 mV. In dendrites of control neurons, the half-maximal I h and HCN Proteins Are Significantly Reduced in SE Neurons activation voltage (V 1/2 ) was determined to be Ϫ95 mV ( Figure 5B ), similar to that of I h in CA1 pyramidal neurons To test more directly the hypothesis that I h is reduced in SE neurons, we obtained cell-attached recordings of (Magee, 1998). These results also support the notion that the density of I h is greater in dendrites compared I h from entorhinal layer III neurons. To isolate I h , the internal pipette solution contained blockers of K ϩ , Na ϩ , to the soma. Interestingly, the magnitudes of inward, noninactivatand Ca 2ϩ channels. For these measurements, pipettes with a uniform outer tip diameter of 1 m and a resising currents and, thereby, the tail currents were significantly reduced in SE neurons in comparison to controls tance of 8-9 M⍀ when filled with the internal pipette Figures 5C and 5D) . The small steady-state and tail currents also prevented us from analysis was performed using antibodies specific to HCN1 and HCN2. The results were normalized by blotconstructing an accurate activation curve for I h in SE neurons. Once data were obtained from the cellting with an antibody against actin and quantified using densitometry. Both HCN1 and HCN2 protein levels were attached mode, the patch was ruptured and the RMP determined to be Ϫ72.4 Ϯ 2.1 (n ϭ 4), consistent with significantly reduced in EC tissue obtained from rats induced with SE 24 hr prior in comparison to controls our findings under whole-cell conditions (Figure 2 ). The differences in tail and steady-state currents between SE ( Figures 5E and 5F ). In contrast, the HCN1 and HCN2 protein levels were not significantly different in EC tissue and control neurons are comparable to the differences in R N observed under whole-cell conditions ( Figure 3C) obtained from rats induced with SE 1 week prior and controls ( Figures 5E and 5F) . It thus appears that the and indicate that the postsynaptic density of I h differs in EC layer III neurons following SE.
HCN protein levels, at least, recover by the 1 week time point. The electrophysiological recordings suggest that The reduction in I h observed in our cell-attached experiments suggested a decrease in the number of h I h is still downregulated at the 1 week time point. Therefore, although the HCN protein levels have recovered in channels and, thus, a decline in the subunits underlying h channels. Four genes that encode for h channels, the total EC homogenates, either the subunits have not formed functional channels or have increased in other ␣EPSPs generated at the soma of the 24 hr SE neurons were also not significantly different from those of control cell types within the EC (whole EC tissue was used for neurons (24 hr SP ϭ 24.0 Ϯ 3.1 ms, n ϭ 10; 24 hr Western blot analysis). Thus, there may still be a selecvehicle ϭ 24.7 Ϯ 3.1 ms, n ϭ 16; 24 SE ϭ 26.6 Ϯ 3.0 tive decrease in HCN protein in EC layer III pyramidal ms, n ϭ 15). In contrast, the single somatic ␣EPSPs in neurons, but this may be below the level of detection 1 week SE neurons decayed significantly (p Ͻ 0.05) more of the Western blot method.
slowly than those evoked in 1 week SP neurons (1 week Total actin protein levels in the EC were comparable SE ϭ 44.8 Ϯ 5.6 ms, n ϭ 3; 1 week SP ϭ 24.5 Ϯ between control and SE groups (Supplemental Figure  1.3 ms, n ϭ 4) . Indeed, the summation of a train of ␣EPSPs generated Again, HCN protein levels were normalized to actin levat 50 Hz was significantly greater in the SE dendrites els and quantified using densitometry. No differences than control dendrites ( Figure 7F ). The summation of a in HCN protein levels in the EC were found between rats train of ␣EPSPs generated at the soma of the 1 week that had experienced SE for 1 hr and controls (control SE neurons was also significantly enhanced compared HCN1 ϭ 102% Ϯ 9.6%; SE 1 hr only HCN1 ϭ 100% Ϯ to 1 week SP neurons ( Figure 7E ). On the other hand, 8.7%; control HCN2 ϭ 109% Ϯ 11%; SE 1 hr only ␣EPSPs at the soma of the 24 hr SE and control neurons HCN2 ϭ 112% Ϯ 12%; n ϭ 6 for each group). It is thus summated to a similar extent ( Figure 7E ). In the presence concluded that the HCN protein levels decrease over of ZD7288, the summation of a train of ␣EPSPs in control the first 24 hr following the onset of SE and thus might neurons was significantly increased (Figures 7A-7E ). be one of the changes that contribute to the early phase The effect of ZD7288 was greater in the dendrites than of epileptogenesis. the soma (Figures 7C and 7F) summated to elicit an action potential with the fifth EPSP A fixed time constant of 0.5 ms and current injection of was close to Ϫ60 mV (average 24 hr control potential ϭ 800 pA (see Experimental Procedures) were used to Ϫ60.4 Ϯ 1.8 mV, n ϭ 13; average 1 week SP potential ϭ generated ␣EPSPs at both the soma and dendrites. Un-Ϫ53.8 Ϯ 3.1 mV, n ϭ 4; Figure 8 ). This is significantly der these conditions, there were no differences in the more positive to the average somatic RMP of both 24 rise time or amplitude of ␣EPSPs between SE neurons hr control and 1 week SP neurons (24 hr control RMP ϭ Ϫ65.4 Ϯ 0.6 mV, n ϭ 92; 1 week SP RMP ϭ Ϫ65.9 Ϯ and controls. The decay time constants () of single summation ratio of EPSPs in SE neurons compared to controls ( Figure 8C ). The average potential at which action potentials could be evoked with a train of five EPSPs was near Ϫ75 mV in both 24 hr and 1 week SE neurons (average 24 hr SE potential ϭ Ϫ73.6 Ϯ 2.1 mV, n ϭ 9; average 1 week SE potential ϭ Ϫ77.0 Ϯ 3.0 mV, n ϭ 5; Figure 8B ). Interestingly, the somatic RMP of both the 24 hr and 1 week SE neurons also falls in this range (24 hr SE RMP ϭ Ϫ73.5 Ϯ 0.5 mV, n ϭ 40; 1 week SE RMP ϭ Ϫ74.7 Ϯ 0.5 mV, n ϭ 14; Figures 2D and 8B) . Hence, there is a greater probability of SE neurons firing in response to trains of EPSPs and this is likely to facilitate the epileptiform-like activity observed in these neurons ( Figure 1C ).
Discussion
The important findings of this study are that there was a profound reduction in I h in EC layer III pyramidal neurons within 24 hr of an episode of seizures and that this is likely to be responsible, at least in part, for the enhanced excitability of these neurons and their associated networks in this important region of the brain. This reduction in functional I h persisted for up to 1 week in these neurons. Our results provide a potential insight into the mechanisms leading to the onset of chronic epilepsy. In addition, our results suggest that I h may be a useful target for the therapeutic intervention of temporal lobe epilepsy.
A Reduction in I h Is Likely to Account for the Enhanced Excitability in SE Neurons
Both the 24 hr and 1 week SE neurons had significantly hyperpolarized RMP together with significantly increased R N compared to their respective controls (Figures 2 and 3) , indicating a reduction in I h (Pape, 1996; Robinson and Siegelbaum, 2003). Interestingly, the R N for the 1 week SE and SP neurons was reduced compared to the 24 hr SE and SP neurons. Because SE rats were also treated with SP, this effect might be attributed sults strongly suggested that I h was the current that directly using cell-attached voltage clamp recordings from the dendrites of control and SE neurons and was was predominantly responsible for the differences in the intrinsic membrane properties of SE neurons. The found to be significantly lower in SE neurons ( Figure  5) . Furthermore, at the 24 hr time point, Western blot significantly smaller effects of the I h blocker ZD7288 on SE neurons corroborated our hypothesis that I h was analysis showed reduced densities of HCN1 and HCN2 (Figure 5 ), the two major h channel subunits that are dramatically reduced in these neurons (Figures 3 and 4 Electrophysiological Studies Materials Rats were anesthetized and perfused intracardially with ice-cold All chemicals were obtained from Sigma (St. Louis, MO), apart from modified ACSF containing (in mM) 110 choline chloride, 2.5 KCl, ZD7288, CGP55848, bicuculline, and APV, which were purchased 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 10 dextrose, and from Tocris. Stock solutions of bicuculline and CGP55848 were 1.3 ascorbic acid; bubbled continuously with 95%O 2 /5% CO 2 to made in DMSO and stored at Ϫ20ЊC until use. These were then maintain pH at 7.2. The brain was then removed, and 400 m thick dissolved in the external solution such that the final DMSO concenhippocampal-entorhinal slices were prepared using a vibratome tration was less than 0.1%. Aqueous stock solutions of ZD7288 and (Leica VT 1000S). The slices were incubated in a holding chamber APV were also kept at Ϫ20ЊC until use. at 36ЊC for 10-15 min followed by 1 hr at room temperature. The holding chamber contained external recording solution of the following composition: 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2
Western Blot Studies At the 24 hr and 1 week time points following SE, experimental and CaCl 2 , 2 MgCl 2 , 10 dextrose; bubbled continuously with 95% O 2 /5% CO 2 to maintain pH at 7.2. Neurobiotin (0.4% w/v; Vector Laboracontrol animals were sacrificed and the EC subdissected in icecold saline and immediately frozen on dry ice. Tissue samples were tories Ltd.) was also included in the intracellular pipette solution. Slices were fixed in 4% paraformaldehyde and stained with either homogenized and normalized using a Bradford assay and membranes prepared as previously described (Varga et al., 2000) . The DAB (Vector Laboratories Ltd.) or streptavidin Alexa Fluor 294 conjugate (Molecular Probes Ltd.) 24 hr later as described previously membranes from the experimental and control groups were used for Western blotting with antibodies against HCN1 and HCN2 (Chem- (Cossart et al., 2001 ).
Whole-cell and cell-attached recordings were obtained from both icon, Temecula, CA) at a dilution of 1:500. Anti-rabbit secondary (Cell Signaling, Beverly, MA) was used at a dilution of 1:40,000. Blots the soma and dendrites of EC layer III pyramidal neurons. For recording purposes, slices were placed in a chamber containing exterwere stripped and reprobed with an antibody to actin ( . Persistently modified h-channels after complex Twenty-four hours or 1 week following SE, rats were sacrificed and whole brains removed. The freshly dissected brains were fixed in febrile seizures convert the seizure-induced enhancement of inhibition to hyperexcitability. Nat. Med. 7, 331-337. 10% formalin. Parafin-embedded sections were cut and Nissl staining performed as described by (Anderson et al., 1999) .
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